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We consider the New-Physics (NP) solution to the polarization puzzle in B → φK ∗ decays. We note
that any such solution must reproduce the data in B0d → φKS , where there are disagreements with
the standard model in CP-asymmetry measurements. We examine 10 NP operators, of S/P , V /A and
T variety. We ﬁnd that, as long as B0d → φKS exhibits large CP-violating effects, no single operator can
explain the observations in both B → φK ∗ and B0d → φKS . For 2-NP-operator solutions, there are four
possibilities, all of S/P type, which are presently allowed. We discuss ways of distinguishing among these
solutions in the future. Models which contain only V /A operators, such as those with supersymmetry or
extra Z ′ bosons, cannot explain both B0d → φKS and B → φK ∗ data. On the other hand, the two-Higgs-
doublet model, which has only S/P operators, is favored.
© 2008 Elsevier B.V. Open access under CC BY license.B → V1V2 decays (the Vi are vector mesons) really represent
three transitions when the spins of the Vi are taken into account.
That is, the ﬁnal state can be transversely (2 states) or longitudi-
nally (1 state) polarized. A naive calculation within the standard
model (SM) shows that the transverse amplitudes are suppressed
by a factor of size mV /mB (V is one of the vector mesons) with
respect to the longitudinal amplitude. One then expects the frac-
tion of transverse decays, f T , to be much less than the fraction of
longitudinal decays, f L .
However, it was observed that these two fractions are roughly
equal in the decay B → φK ∗: f T / f L  1 [1–3]. This is the “polar-
ization puzzle.” If one goes beyond the naive SM, there are two
explanations [4] which account for this surprising result: penguin
annihilation (PA) [5] and non-perturbative rescattering [6,7]. Still,
there are question marks associated with both of these. First, PA
is a subleading amplitude that is power suppressed by O (1/mb).
Second, for rescattering, it is not obvious whether such a non-
perturbative effect is of leading or subleading order. Hence, the SM
explanations of the large f T / f L generally require enhanced sub-
leading amplitudes (certain for PA; possible for rescattering).
One can also explain the f T / f L measurement by introducing
physics beyond the SM. Suppose there are new-physics (NP) contri-
butions to the b¯ → s¯ss¯ quark-level amplitude. If their form is cho-
sen correctly, these will contribute dominantly to f T in B → φK ∗
and not to f L , so that one can reproduce the measured value of
* Corresponding author.
E-mail addresses: datta@phy.olemiss.edu (A. Datta),
maxime.imbeault@umontreal.ca (M. Imbeault), london@lps.umontreal.ca
(D. London).0370-2693 © 2008 Elsevier B.V.
doi:10.1016/j.physletb.2008.12.006
Open access under CC BY license.Table 1
Measurements of B0d → φKS . Included are the branching fraction (BR) [9–11], the
indirect (mixing-induced) CP asymmetry (SCP) [11,12], and the direct CP symmetry
(ACP) [11,12].
BR 8.3+1.2−1.0 × 10−6
SCP 0.44
+0.17
−0.18
ACP 0.23± 0.15
f T / f L if the NP amplitude has the right size [8]. In this Letter,
we explore the NP explanation – we assume that neither PA nor
non-perturbative rescattering produce dominant contributions to
the transverse amplitudes, and are therefore not the explanation
of the measurement of a large f T / f L .
Now, any NP contribution to b¯ → s¯ss¯ will also affect B0d → φKS .
Thus, any constraints on such NP must take into account the mea-
surements of both B → φK ∗ and B0d → φKS . The B0d → φKS data
are shown in Table 1. The CP-violating observables are particularly
intriguing. Within the SM, including small corrections, the indirect
(mixing-induced) CP asymmetry in B0d → φKS (SCP) is expected to
be a bit larger than that in charmonium B0d decays [13], found to
be SCP(charmonium) = 0.672 ± 0.024 [11]. In addition, the direct
CP asymmetry in B0d → φKS (ACP) is expected to vanish. In other
words, the central values of both of these measurements exhibit
disagreements with the expectations of the SM. This provides a
hint of NP in b¯ → s¯ transitions.1
1 A more signiﬁcant hint (signal?) of NP, also in b¯ → s¯ transitions, is provided by
B → π K decays, where the disagreement with the SM has reached the 5σ level
[11], assuming that |C ′/T ′| is small, as is expected in the SM [14] (C ′ and T ′ are
b¯ → s¯ diagrams contributing to the decay [15]).
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crepancies are only at the level of  2σ . This means that the hint
of NP is not statistically signiﬁcant. It also means that any con-
straints on NP in B → φK ∗ are not that strong. For this reason, in
this Letter we also perform the analysis in the scenario in which
the hint of NP in B0d → φKS becomes a true signal in the future.
That is, in this case we assume that the future measurements of
SCP and ACP stay at their present central values, but the errors
are reduced by a factor of 2. If the discrepancies with the SM in
B0d → φKS get more pronounced, it will be necessary to consider
the results from this second scenario.
We assume that there is a NP contribution to b¯ → s¯ss¯. We con-
sider operators of the form
O V /ALL = s¯γμ(1− γ5)bs¯γ μ(1− γ5)s,
O V /ALR = s¯γμ(1− γ5)bs¯γ μ(1+ γ5)s,
O V /ARL = s¯γμ(1+ γ5)bs¯γ μ(1− γ5)s,
O V /ARR = s¯γμ(1+ γ5)bs¯γ μ(1+ γ5)s,
O S/PLL = s¯(1− γ5)bs¯(1− γ5)s,
O S/PLR = s¯(1− γ5)bs¯(1+ γ5)s,
O S/PRL = s¯(1+ γ5)bs¯(1− γ5)s,
O S/PRR = s¯(1+ γ5)bs¯(1+ γ5)s,
O TL = s¯σμν(1− γ5)bs¯σμν(1− γ5)s,
O TR = s¯σμν(1+ γ5)bs¯σμν(1+ γ5)s. (1)
In the above operators, we take the colors of the quark ﬁelds in
each current to be the same. This is the case in most typical NP
models (multi-Higgs-doublets, supersymmetry, extra Z ’s, etc.). For
S/P operators, a Fierz transformation of the fermions and colors is
required in order to get a non-vanishing contribution to the pro-
duction of the ﬁnal-state vector meson φ from the vacuum (within
factorization):
O S/PRR(LL) = −
1
2Nc
s¯(1± γ5)bs¯(1± γ5)s
− 1
8Nc
s¯σμν(1± γ5)bs¯σμν(1± γ5)s,
O S/PRL(LR) = −
1
2Nc
s¯γμ(1± γ5)bs¯γ μ(1∓ γ5)s. (2)
(We have neglected the octet piece coming from the color Fierz
transformation, which is justiﬁed within factorization.)
There are also 10 operators in which one has different quark
colors in the currents. However, these can be obtained from Eq. (1)
as follows. Suppose that there is only one type of Lorentz structure.
The effective Hamiltonian can then be written
Heff = B1 s¯O 1bs¯O 2s + B2 s¯αO 1bβ s¯β O 2sα, (3)
where B1,2 are complex coeﬃcients, O 1,2 represent the Lorentz
structure (S/P , V /A or T ), and α,β are color indices. We will call
the operator associated with B1 “color allowed” and that associ-
ated with B2 “color suppressed”. In factorization, the amplitude
for B → φK (K = KS or K ∗) has the following structure:
A(B → φK ) = A1 + A2, (4)
where
A1 = (B1 + B2/Nc)〈K |s¯O 1b|B〉〈φ|s¯O 2s|0〉,
A2 = (B2 + B1/Nc)〈K |s¯O 1F b|B〉〈φ|s¯O 2F s|0〉. (5)
In the above, s¯O 1F bs¯O 2F s is obtained from s¯O 1bs¯O 2s by perform-
ing a Fierz transformation of the fermions and the colors. The coloroctet piece is neglected, because it does not lead to the production
of a φ from the vacuum.
Now, if A1 or A2 vanishes, or if s¯O 1F bs¯O 2F s is the same as
s¯O 1bs¯O 2s, then there is only one amplitude, and we can work only
with color-allowed operators with a general coeﬃcient – the color-
suppressed operators are implicitly included in them. As we show
below, this holds for all the operators of Eq. (1). In what follows,
the key point is that any S/P operator does not contribute to the
decay because it cannot produce a φ from the vacuum. However,
V /A and T operators do give a nonzero contribution.
• Lorentz structure (V ± A)× (V ± A): s¯O 1F bs¯O 2F s = s¯O 1bs¯O 2s.
• (V ± A)×(V ∓ A): Fierz transforms into an S/P operator. Thus,
A2 = 0.
• (S ± P )× (S ∓ P ): Fierz transforms into a V /A operator. Thus,
A1 = 0.
• (S ± P ) × (S ± P ): Fierz transforms into a combination of an
S/P and a T operator. Thus, A1 = 0 and A2 	= 0.
• T : Fierz transforms into a combination of an S/P and a T
operator. Thus, we effectively have s¯O 1F bs¯O 2F s = s¯O 1bs¯O 2s.
In all cases, there is only one amplitude in Eq. (5) above, and so the
operators of Eq. (1) contain all the “color-suppressed” operators.
We begin by examining the case where a single NP operator
is added, contributing to the b¯ → s¯ss¯ amplitude. As noted above,
this affects both B → φK ∗ and B0d → φKS , and we compute the
order of magnitude of the contribution of each of the NP opera-
tors to these decays as follows. Consider O V /ALL (for the orders of
magnitude, we ignore the 1/Nc coming from the inclusion of the
color-suppressed operators):
〈φK |O V /ALL
∣∣B0d 〉= 〈φK |s¯γμ(1− γ5)bs¯γ μ(1− γ5)s∣∣B0d 〉
≡ 〈φK |(V − A) ⊗ (V − A)∣∣B0d 〉
= 〈K |V − A∣∣B0d 〉μ〈φ|V − A|0〉μ
= 〈K |V ∣∣B0d 〉μ〈φ|V |0〉μ − 〈K |A
∣∣B0d 〉μ〈φ|V |0〉μ. (6)
We can now use the factorized matrix elements discussed in Ap-
pendix A. We obtain
〈φKS |O V /ALL
∣∣B0d 〉= 2 f+ fφmB pc = O(1),
〈φK ∗|O V /ALL
∣∣B0d 〉∣∣λ=0 = −i fφ mB +mK ∗2mK ∗
{(
m2B −m2φ −m2K ∗
)
A1
− 4m
2
B p
2
c A2
(mB +mK ∗ )2
}
= O(1),
〈φK ∗|O V /ALL
∣∣B0d 〉∣∣λ=+ = −2i fφV mφmB pcmB +mK ∗ + i fφmφ(mB +mK ∗ )A1
= O((ΛQCD/mb)2),
〈φK ∗|O V /ALL
∣∣B0d 〉∣∣λ=− = + 2i fφV mφmB pcmB +mK ∗ + i fφmφ(mB +mK ∗ )A1
= O(ΛQCD/mb), (7)
where pc is the magnitude of the momentum of ﬁnal-state par-
ticles in the B0d rest frame. The values of f+ , A1, A2 and V are
given in Appendix A. Note: the polarizations in B → φK ∗ are de-
noted L (longitudinal) and ‖, ⊥ (transverse). However, above we
refer to ‘+’ and ‘−’ polarizations – the transverse (A‖,⊥) and he-
licity amplitudes (A±) are related by A‖,⊥ = (A+ ± A−)/
√
2 (and
A¯‖,⊥ = ( A¯− ± A¯+)/
√
2 for the CP-conjugate amplitudes). The above
B0d → φK amplitudes correspond roughly to orders of magnitude
1,1, ξ2, ξ , where ξ = O(ΛQCD/mb).
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Relative orders of magnitude of the contribution of NP operators to the amplitudes
of B0d → φKS and the three polarizations of B → φK ∗ [ξ = O(ΛQCD/mb)].
φKS φK ∗(L) φK ∗(−) φK ∗(+)
O V /ALL , O
V /A
LR 1 1 ξ
2 ξ
O V /ARL , O
V /A
RR 1 1 ξ ξ
2
O S/PLL ξ
2 ξ 1 ξ2
O S/PLR 1 1 ξ
2 ξ
O S/PRL 1 1 ξ ξ
2
O S/PRR ξ
2 ξ ξ2 1
O TL ξ ξ 1 ξ
2
O TR ξ ξ ξ
2 1
Table 3
Measurements of B → φK ∗0. Included are the branching fraction (BR), the direct CP
symmetry (ACP), and the fraction of longitudinal and ⊥ decays, f L and f⊥ [9,11,16].
BR 9.8+0.7−0.6 × 10−6
ACP 0.01± 0.05
f L 0.480± 0.030
f⊥ 0.241± 0.029
We have analyzed all NP operators similarly. The results are
shown in Table 2. In order to generate large CP asymmetries in
B0d → φKS , the contribution of the NP operator must be large
[O (1)]. This points to the four O V /A operators, O S/PLR or O
S/P
RL .
In order to reproduce the f T / f L measurement in B → φK ∗ , the
NP contribution to a transverse polarization must be large [O (1)],
while not contributing signiﬁcantly to the longitudinal polariza-
tion. We see that only NP operators of the form O S/PLL , O
S/P
RR , O
T
L
or O TR satisfy this criterion [8].
However, the key point here is that there is no NP operator that
signiﬁcantly affects both B0d → φKS and a transverse amplitude
of B → φK ∗ . We therefore conclude that, as long as B0d → φKS
exhibits large CP-violating effects, there is no single NP operator
which can account for the observations in both B0d → φKS and
B → φK ∗ decays. Note: if one assumes that there are no NP sig-
nals in this decay, which might be justiﬁed with the present errors,
then 1-NP-operator solutions are still possible. But if one assumes
that there are NP signals here, as would clearly be indicated if the
errors are reduced by a factor of 2, then 1-NP-operator solutions
are not possible.
We now turn to the case where two NP operators are added.
Here it is obvious that one of the operators must contribute signif-
icantly to B0d → φKS (6 possibilities), and the other to a transverse
amplitude of B → φK ∗ (4 possibilities). Thus, we must in princi-
ple consider 24 pairs of operators. However, this number can be
reduced as follows. In any reasonable NP model, if there are only
two new operators, these are typically both of the V /A, S/P or T
variety. There are no pairs of V /A or T operators which give large
contributions to both decays, so there are only 4 pairs of NP op-
erators to examine: (O S/PLL , O
S/P
LR ), (O
S/P
LL , O
S/P
RL ), (O
S/P
RR , O
S/P
LR ) and
(O S/PRR , O
S/P
RL ). The results of Table 2 give only the general size of
contributions, so it is necessary to perform a ﬁt to see which pairs
of NP operators can account for the observations in both decays,
and to what extent. We do this below.
The ﬁt includes the three observables of B0d → φKS shown in
Table 1: BR, SCP, ACP. It also includes four observables of B → φK ∗:
BR, ACP, f L , f⊥ . The latest values are given in Table 3.2 (There are
other measurements of B → φK ∗ , but they are not used in this
Letter.)
2 In Table 3 it is given that f L = 0.48, f⊥ = 0.24. The f i are deﬁned such that
f‖ = 1− f L − f⊥ = 0.28, so that indeed f T / f L = ( f⊥ + f‖)/ f L  1.The NP contributions to the above quantities are taken into ac-
count as follows. We are considering the effect of the SM and
two NP operators (we generally refer to them as O 1 and O 2).
The strength of the NP is parametrized by unknown complex co-
eﬃcients (referred to as C1 and C2). The SM piece is calculable
within QCD factorization (QCDf) [17], and we take the value of its
contribution from there. C1 and C2 generally each have a magni-
tude, a weak phase, and a strong phase. However, in Ref. [18], it
was shown that the NP strong phases are negligible compared to
that of the (dominant) SM contribution. Thus, we have only four
free parameters: two NP magnitudes and two NP weak phases of
C1 and C2. The decay amplitudes Aλ for a given helicity λ can be
written in terms of these free parameters simply by computing the
matrix elements for B0d → φKS and each polarization of B → φK ∗ .
In general, they take the form
Aλ = AλSM + 〈φK |C1O 1 + C2O 2
∣∣B0d 〉∣∣λ
≡ AλSM + C1Aλ1 + C2Aλ2, (8)
where A1,2 are the factorized matrix elements given in Appendix A.
The CP-conjugate amplitudes A¯ are obtained by changing the sign
of the unknown weak phases in C1 and C2.
All observables can be expressed in terms of the amplitudes Aλ .
The branching ratio is given by
BR = τB pc
8π h¯m2B
∑
λ
∣∣Aλ∣∣2, (9)
where τB is the lifetime of the B0d meson. This applies to both
B0d → φKS and B → φK ∗ . The time-independent CP asymmetry is
given by
ACP = −|A|
2 − | A¯|2
|A|2 + | A¯|2 . (10)
For B0d → φKS , A is the amplitude and A¯ is its CP-conjugate. For
B → φK ∗ , |A|2 = ∑λ |Aλ|2. The time-dependent CP-asymmetry in
B0d → φKS is given by
SCP = −2 Im(e
−2iβ A∗ A¯)
|A|2 + | A¯|2 . (11)
Finally, the helicity fractions of B → φK ∗ are deﬁned as usual by
f BL,||,⊥ =
|AL,||,⊥|2
|AL |2 + |A|||2 + |A⊥|2 , (12)
and similarly for the CP-conjugates f B¯L,||,⊥ . Combining them, f L,||,⊥
are deﬁned by
f L,||,⊥ = 1
2
(
f BL,||,⊥ + f B¯L,||,⊥
)
. (13)
The 7 observables can therefore be expressed in terms of the
4 free parameters of C1 and C2. Thus, it is possible to perform a
ﬁt to obtain the preferred values of these parameters, and to de-
termine whether it is possible to account for the data with the
addition of certain NP operators. However, there is a complication
in all of this. In the SM, the decays B0d → φKS and B → φK ∗ are
dominated by the b¯ → s¯ penguin amplitude, P ′ . P ′ is actually com-
posed of three pieces, P ′u , P ′c and P ′t , where the subscript refers to
the internal quark in the loop (the pieces P ′u,c are rescattering am-
plitudes generated mainly from tree-level operators). We can write
P ′ = V ∗ubVus P ′u + V ∗cbVcs P ′c + V ∗tbVts P ′t
 V ∗cbVcs
(
P ′c − P ′t
)
. (14)
In writing the second line, we have used the unitarity of the
Cabibbo–Kobayashi–Maskawa matrix to eliminate the V ∗tbVts term,
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Allowed ranges for SM penguin magnitudes and strong phases according to QCDf,
for the three sets of form-factor values.
Minimal Central Maximal
|PφKS | [0.031,0.064] [0.031,0.062] [0.031,0.060]
Arg(PφKS ) (rad) [3.2,3.6] [3.2,3.6] [3.2,3.6]
|P0φK∗ | [0.025,0.036] [0.026,0.036] [0.027,0.037]
Arg(P0φK∗ ) (rad) [3.4,3.6] [3.4,3.6] [3.4,3.6]
|P+φK∗ | [0.031,0.062] [0.033,0.062] [0.033,0.061]
Arg(P+φK∗ ) (rad) [3.0,3.4] [3.0,3.4] [3.0,3.4]
and we have dropped the V ∗ubVus term since |V ∗ubVus|  |V ∗cbVcs|.
As the weak phase of V ∗cbVcs is zero, P
′ has only its magnitude and
a strong phase. It is these quantities that are calculated in QCDf.
Unfortunately, as we see below, the QCDf results are not very pre-
cise.
The QCDf calculation is treated by applying Refs. [17,19,20]
straightforwardly. For B0d → φKS ,
P ′c − P ′t
AφKS
= αc3 + αc4 −
1
2
αc3,EW −
1
2
αc4,EW ≡ PφKS , (15)
where the AφKS are form factors as deﬁned in Appendix A, and
the α’s are deﬁned in Ref. [19]. (Note: the above formula could
contain β terms. However, we have neglected all such pieces, con-
sistent with our assumption that PA is not present.) For B → φK ∗ ,
the SM penguin has the same form, but with explicit polarization
dependence λ:
P ′λc − P ′λt
AλφK ∗
= αc,λ3 + αc,λ4 −
1
2
αc,λ3,EW −
1
2
αc,λ4,EW ≡ PλφK ∗ . (16)
The αλ ’s are deﬁned in Ref. [20]. Several inputs are required in or-
der to get magnitudes and strong phases. For quark masses, BBNS
values [17] were used, allowing them to vary within a range of
1σ . For meson masses, Particle Data Group values [9] were used,
ﬁxed at their central value. Wilson coeﬃcients were calculated us-
ing Refs. [21,22], with the renormalization scale μ allowed to vary
within [mb/2,mb]. For decay constants, values from Table 10 in Ap-
pendix A were used, within a range of 1σ . For form factors, ﬁxed
values of Table 9 in Appendix A were used, but we studied each
of the three cases (minimal, central and maximal values). The al-
lowed ranges of the SM penguin amplitudes are summarized in
Table 4. The SM penguin of negative helicity is neglected because
of the small form factors (P−φK ∗ = P¯+φK ∗  0). As expected, form
factors have little impact on the values of the SM penguin ampli-
tudes PφKS and PλφK ∗ , since they contribute at subleading order.
Numerical variations are mainly due to the random scanning of
the parameter space.
Ideally, in order to take into account the ranges of the QCDf
determinations, one would scan over the allowed regions of all
magnitudes and strong phases. For each set of SM values, the χ2
would be evaluated. In this way, we could ﬁnd the best ﬁt (i.e.
smallest value of χ2min) for each of the 2-NP-operator solutions.
Unfortunately, this is not possible, as the space of SM values is too
large (e.g. if we take 10 SM values/region, we would require 106
χ2 evaluations). As a compromise, we have adopted the follow-
ing procedure: we ﬁx the SM strong phases to their central values,
and scan over the SM magnitudes. However, we have checked what
happens when we take different values for the strong phases. We
ﬁnd that the χ2 numbers can change quite a bit, but a bad ﬁt can-
not be turned into a good ﬁt.
The results are shown in Table 5 (current errors on SCP and
ACP) and Table 6 (errors on SCP and ACP reduced by a factor of 2).
Here we present the smallest value of χ2min (best ﬁt) for each of
the 2-NP-operator solutions. (The number in parentheses indicates
the quality of the ﬁt, and depends on χ2min and d.o.f. individually.Table 5
Best-ﬁt results (χ2min) for pairs of NP operators, with present-day errors on SCP
and ACP in B0d → φKS . The calculation was done for the three sets of form factors
(minimal, central and maximal).
Operators Minimal Central Maximal
(O S/PLL , O
S/P
RL ) 2.6 (45.7%) 2.8 (42.4%) 3.1 (37.6%)
(O S/PLL , O
S/P
LR ) 1.4 (70.6%) 1.3 (72.9%) 1.3 (72.9%)
(O S/PRR , O
S/P
RL ) 1.9 (59.3%) 1.7 (63.7%) 1.6 (65.9%)
(O S/PRR , O
S/P
LR ) 1.7 (63.7%) 1.7 (63.7%) 1.6 (65.9%)
(O V /ALL(RR), O
V /A
RL(LR)) 15.7 (0.13%) 10.6 (1.4%) 7.1 (6.9%)
(O TR , O
T
L ) 3.6 (30.8%) 3.6 (30.8%) 3.9 (27.2%)
Table 6
Best-ﬁt results (χ2min) for pairs of NP operators, in the scenario in which the errors
on SCP and ACP in B0d → φKS are reduced by a factor of 2. The calculation was done
for the three sets of form factors (minimal, central and maximal).
Operators Minimal Central Maximal
(O S/PLL , O
S/P
RL ) 6.3 (9.8%) 7.4 (6.0%) 8.6 (3.5%)
(O S/PLL , O
S/P
LR ) 4.3 (23.1%) 4.0 (26.1%) 3.9 (27.2%)
(O S/PRR , O
S/P
RL ) 5.2 (15.8%) 5.8 (12.2%) 5.6 (13.3%)
(O S/PRR , O
S/P
LR ) 4.9 (17.9%) 4.7 (19.5%) 4.5 (21.2%)
(O V /ALL(RR), O
V /A
RL(LR)) 20.3 (0.01%) 15.9 (0.12%) 10.9 (1.2%)
(O TR , O
T
L ) 13.7 (0.33%) 13.5 (0.37%) 14.0 (0.29%)
50% or more is a good ﬁt; ﬁts which are substantially less than
50% are poorer.) In all cases, the worst ﬁt is given by a large value
of χ2min, with a 0% quality of ﬁt.
From Table 5, we see that, with current errors on SCP and ACP,
all four S/P 2-NP-operator solutions give good ﬁts to the B0d →
φKS and B → φK ∗ data. We also show the ﬁt results for V /A and
T 2-NP-operator solutions. We see that the V /A solution gives a
very poor ﬁt, but the T solution, while not as good as any of the
S/P pairs, is still acceptable.
If the errors on SCP and ACP are reduced by a factor of 2
(Table 6), we ﬁnd that no S/P 2-NP-operator hypothesis is an ex-
cellent ﬁt to the data. On the other hand, none of them is ruled
out, either. The most that one can say is that (O S/PLL , O
S/P
RL ) and
(O S/PRR , O
S/P
RL ) are disfavored, but even this is not very strong. On
the other hand, in this case both V /A and T 2-NP-operator solu-
tions are essentially ruled out.
In both error scenarios, it is the large direct CP-asymmetry
measurement in B0d → φKS which is hardest to accommodate. It
will be important to pay attention to this observable in the future
to determine which NP solutions are viable.
The fact that the best ﬁt and worst ﬁt have substantially differ-
ent χ2min shows that the contribution from the SM is signiﬁcant,
and that all χ2 ranges would be reduced quite a bit with an im-
proved determination of the SM values. In fact, one could easily
obtain poor ﬁts for all pairs of NP operators (as well as the SM).
Above, we have shown that all 2-NP-operator solutions involv-
ing S/P operators are viable, but those which contain only V /A or
T operators are disfavored or ruled out. Obviously, any realistic NP
model which contains more than 2 operators – and most do – will
also be allowed, as long as the observations in both B0d → φKS and
B → φK ∗ decays are explained. In Table 7, we show which types
of operators are present for some simple NP models. Even though
models with supersymmetry3 or extra Z ′ bosons typically generate
several operators, they are all of V /A type. As such, they cannot
explain both B0d → φKS and B → φK ∗ data. On the other hand, the
3 Models with supersymmetry generate the b¯ → s¯ss¯ transition mainly through
squark–gluino loops.
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Summary of operator content for some simple NP models.
Models V /A S/P T
Supersymmetry [23–25] ×
Two Higgs doublets [26,27] ×
Extra Z ′ bosons [28] ×
Table 8
Predictions of all S/P 2-NP-operator solutions of Table 5 for the central values of
the real and fake TP asymmetries in B → φK ∗ . The ranges of TP-asymmetry predic-
tions correspond to the full variation of form-factor values.
Operators A(1)T A˜(1)T A(2)T A˜(2)T
(O S/PLL , O
S/P
RL ) [−0.30, −0.27] [0.030, 0.062] [0.16, 0.22] [−0.006, −0.004]
(O S/PLL , O
S/P
LR ) [0.29, 0.32] [−0.008, 0.014] [−0.17, −0.14] [−0.003, 0.000]
(O S/PRR , O
S/P
RL ) [0.26, 0.28] [−0.099, 0.056] [−0.037, 0.090] [−0.004, 0.001]
(O S/PRR , O
S/P
LR ) [−0.33, −0.31] [−0.036, −0.011] [−0.001, 0.000] 0.000
two-Higgs-doublet model is favored because it contains only S/P
operators (perhaps all 4 pairs), and can potentially accommodate
both B0d → φKS and B → φK ∗ .
Even with the assumption of reduced errors on the CP-violating
observables in B0d → φKS , all four S/P 2-NP-operator solutions
are allowed. This raises the obvious question: is there any way to
distinguish these solutions? Clearly, smaller errors on the experi-
mental measurements and/or the theoretical determination of the
SM contribution can help. With these, it may be that the χ2min of
one solution is strongly preferred over that of the other three.
However, there is an additional possibility. In any B → V1V2
decay, one can construct the triple product (TP). In the rest frame
of the B , the TP takes the form q · (ε1 × ε2), where q is the mo-
mentum of one of the ﬁnal vector mesons, and ε1 and ε2 are the
polarizations of V1 and V2. There are two TPs, which can be writ-
ten [29]
A(1)T ≡
Im(A⊥A∗0)
|A0|2 + |A|||2 + |A⊥|2 ,
A(2)T ≡
Im(A⊥A∗||)
|A0|2 + |A|||2 + |A⊥|2 . (17)
The A¯(1,2)T for B¯ decays are deﬁned similarly. The TP asymmetry is
deﬁned by4
A(i)T =
A(i)T − A¯(i)T
2
. (18)
The “fake” TP asymmetry A˜(i)T is given by the same deﬁnition, but
the TPs are added rather than subtracted. Note that the fake TP
asymmetry can be nonzero even if CP is conserved.
The above applies to B → φK ∗ . In Table 8 we present the cen-
tral values of A(1,2)T and A˜(1,2)T , calculated for each of the S/P
solutions shown in Table 5. The ranges correspond to the sets of
form-factor values varying from minimal to maximal. We do not
include errors because they are very large with the current data.
In any case, our point in presenting the results of Table 8 is the fol-
lowing. It is clear that different S/P 2-NP-operator solutions lead
to very different patterns of central values of predictions for the
TP asymmetries. This emphasizes the usefulness of TPs for dis-
tinguishing the various NP solutions, and we strongly encourage
experimentalists to make such measurements.
In summary, a “polarization puzzle” has been observed in B →
φK ∗ , namely that the fraction of transversely-polarized decays is
4 Note: in contrast to Ref. [29], this deﬁnition involves a subtraction rather than
an addition. This is because we have deﬁned A⊥,|| and A¯⊥,|| in such a way that A(i)T
is zero in the absence of CP violation.about equal to that of longitudinally-polarized decays, in contrast
to the expectations of the naive standard model (SM). In this Let-
ter, we explore the New-Physics (NP) solution to this puzzle. We
ﬁrst note that any NP explanation must also be consistent with
the observations in B0d → φKS . This decay is particularly intrigu-
ing since the present measurements of CP-violating asymmetries
are in disagreement with the SM. On the other hand, the errors
are still suﬃciently large that this discrepancy is not statistically
signiﬁcant. As such, any constraints on NP in B → φK ∗ are not
that stringent. For this reason, we also perform the analysis with
the assumption that future measurements will show a greater sta-
tistical discrepancy. That is, we use the central values of the CP-
asymmetry measurements, but take the errors to be reduced by a
factor of 2.
We consider 10 NP operators, of types S/P , V /A and T . We
ﬁrst show that, as long as B0d → φKS exhibits large CP-violating
effects, no single NP operator can explain the data in both B →
φK ∗ and B0d → φKS decays. Turning to 2-NP-operator solutions, it
is clear that one of the operators must contribute signiﬁcantly to
B0d → φKS , and the other to a transverse amplitude of B → φK ∗ .
In any realistic NP model the two operators are typically both of
the V /A, S/P or T type. However, no pairs of V /A or T operators
give large contributions to both decays, so that only 4 pairs of S/P
operators need be considered. We have performed ﬁts to several
observables in B → φK ∗ and B0d → φKS decays, and ﬁnd that all
four 2-NP-operator solutions are allowed. (We also show explicitly
that the V /A and T solutions are disfavored or ruled out.)
One can distinguish among the solutions in several ways. If the
experimental errors on future measurements are improved, one so-
lution might be preferred. Alternatively, the theoretical uncertainty
can be reduced if the SM contribution to B → φK ∗ and B0d → φKS
is better determined. Finally, the four solutions predict very dif-
ferent patterns of triple-product asymmetries in B → φK ∗ . Their
measurement could help distinguish among the possible NP solu-
tions.
Finally, any realistic NP model which contains more than two
operators will also be allowed, as long as the measurements in
both B0d → φKS and B → φK ∗ decays are explained. However,
models with supersymmetry or extra Z ′ bosons contain only op-
erators of V /A type, and therefore cannot explain both B0d → φKS
and B → φK ∗ data. In contrast, the two-Higgs-doublet model has
only S/P operators, and is thus favored.
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Appendix A. Calculation of factorized matrix elements
For NP, we work within the framework of naive factorization.
Since LO contributions of NP are expected to be subleading com-
pared with the SM, NLO contributions of NP can be safely ne-
glected. Then, for a general effective four-quark operator O ∼ X⊗Y
(X, Y = S, P , V , A, T or Tγ5), the matrix element is assumed to
factorize as
〈φK |O |B〉 → 〈K |X |B〉〈φ|Y |0〉, (A.1)
where K stands for KS or K ∗ . 〈K |X |B〉 is calculable using known
form factors; 〈φ|Y |0〉 is calculable using the φ-meson decay con-
stants.
For B → K form factors, we use deﬁnitions from Refs. [30,31]:〈
K (p)
∣∣V ∣∣B¯(pB)〉μ
= f+(s)
{
(pB + p)μ − m
2
B −m2K
s
qμ
}
+ m
2
B −m2K
s
f0(s)qμ,
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Values of B → K , B → K ∗ form factors for s =m2φ following Ref. [30] (calculated in
the QCD light-cone sum-rules approach at the scale μ =mb ).
Minimal value Central value Maximal value
f+ 0.295 0.337 0.391
f0 0.286 0.327 0.379
f T 0.319 0.375 0.446
A1 0.301 0.345 0.393
A2 0.258 0.295 0.333
A0 0.437 0.498 0.750
V 0.423 0.483 0.579
T1 0.355 0.402 0.463
T2 0.341 0.387 0.445
T3 0.245 0.272 0.307
Table 10
Values of decay constants for mesons [31].
M φ [MeV] B [MeV] K [MeV] K ∗ [MeV]
fM 215± 5 200± 25 160 220± 5
f ⊥M 186± 9 – – 185± 10
〈
K (p)
∣∣T (1± γ5)∣∣B¯(pB)〉μνqν
= 〈K (p)∣∣T ∣∣B¯(pB)〉μνqν
= i{(pB + p)μs − qμ(m2B −m2K )} f T (s)mB +mK ,〈
K ∗(p, )
∣∣V ± A∣∣B¯(pB)〉μ
= ±i∗μ(mB +mK ∗ )A1(s)
∓ i(pB + p)μ(∗ · pB) A2(s)
mB +mK ∗
∓ iqμ(∗ · pB)2mK ∗
s
(
A3(s) − A0(s)
)
+ μνρσ ∗ν pρB pσ
2V (s)
mB +mK ∗ ,〈
K ∗(p, )
∣∣T (1± γ5)∣∣B¯(pB)〉μνqν
= iμνρσ ∗ν pρB pσ 2T1(s)
± T2(s)
{
∗μ
(
m2B −m2K ∗
)− (∗ · pB)(pB + p)μ}
± T3(s)(∗ · pB)
{
qμ − s
m2B −m2K ∗
(pB + p)μ
}
, (A.2)
with q = pB − p and s = q2. Values of the form factors are tabu-
lated in Tables 3, 4 and 5 of Ref. [30] with minimal and maximal
values and s dependance. Using these, we have calculated them for
the case of s =m2φ (see Table 9).
The φ vector-meson decay constants are deﬁned by [30,31]
〈
φ(q, )
∣∣V |0〉μ = fφmφ∗μ,〈
φ(q, )
∣∣T |0〉μν = −i f ⊥φ (∗μqν − ∗νqμ), (A.3)
which imply
〈
φ(q, )
∣∣Tγ5|0〉μν = −1
2
f ⊥φ μνρσ
(
∗ρqσ − ∗σ qρ
)
. (A.4)
Values of the decay constants are tabulated in Table 10.
In order to calculate factorized matrix elements, we deﬁne the
four-momemta
pB = (mB ,0,0,0), pK ,K ∗ = (EK ,K ∗ ,0,0,−pc),
pφ = (Eφ,0,0, pc), (A.5)
and polarization 4-vectors0K ∗ =
1
mK ∗
(pc,0,0,−EK ∗ ), ±K ∗ =
1√
2
(0,∓1,+i,0),
0φ =
1
mφ
(pc,0,0, Eφ), 
±
φ =
1√
2
(0,∓1,−i,0),
(A.6)
in the B-meson rest frame. From here it is straightforward to cal-
culate factorized matrix elements using the above. Those which are
nonzero are
〈K |V |B¯〉μ〈φ|V |0〉μ = 2 f+ fφmB pc,
〈K |T |B¯〉μν〈φ|T |0〉μν = 4 f T f ⊥φ
mφmB pc
mB +mK , (A.7)
for B0d → φKS and
〈K ∗|T |B¯〉μν〈φ|T |0〉μν
∣∣
λ=± = 〈K ∗|Tγ5|B¯〉μν〈φ|Tγ5|0〉μν |λ=±
= ∓ 4i f ⊥φ T1mB pc,
〈K ∗|T |B¯〉μν〈φ|Tγ5|0〉μν
∣∣
λ=0
= i f
⊥
φ
mφmK ∗
{−T2(m2B −m2φ −m2K ∗)(m2B −m2K ∗)
+ 4p2cm2B
[
T2 + T3m2φ/
(
m2B −m2K ∗
)]}
,
〈K ∗|T |B¯〉μν〈φ|Tγ5|0〉μν
∣∣
λ=± = 2i f ⊥φ T2
(
m2B −m2K ∗
)
,
〈K ∗|V |B¯〉μ〈φ|V |0〉μ
∣∣
λ=± = ∓2i fφV
mφmB pc
mB +mK ∗ ,
〈K ∗|A|B¯〉μ〈φ|V |0〉μ
∣∣
λ=0
= i fφ mB +mK ∗
2mK ∗
{(
m2B −m2φ −m2K ∗
)
A1 − 4m
2
B p
2
c A2
(mB +mK ∗ )2
}
,
〈K ∗|A|B¯〉μ〈φ|V |0〉μ
∣∣
λ=± = −i fφmφ(mB +mK ∗ )A1 (A.8)
for B → φK ∗ . All of this allows us to calculate the entries in Ta-
ble 2.
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